Background: Altered lipid metabolism is an emerging hallmark of aggressive breast cancers. The N-myc downstream regulated gene (NDRG1) gene plays a critical role in peripheral nervous system myelination, as inactivating mutations cause severe demyelinating neuropathy. In breast cancer, elevated NDRG1 expression has been linked to clinical outcomes, but its functional role in breast cancer physiology has remained unclear. Methods: A meta-analysis of NDRG1 expression in multiple large publicly available genomic databases was conducted. Genome-wide expression correlation and Cox proportional hazards and Kaplan-Meier modeling of clinical outcomes associated with elevated expression were assessed. To study NDRG1 function, gene silencing and overexpression phenotypic studies were carried out in a panel of cell lines representing all major breast cancer molecular subtypes. Changes in cell proliferation, morphology, and neutral lipid accumulation due to altered NDRG1 expression were assessed by high throughput, quantitative microscopy. Comprehensive lipidomics mass spectrometry was applied to characterize global changes in lipid species due to NDRG1 silencing. Labeled fatty acids were used to monitor cellular fatty acid uptake and subcellular distribution under nutrient replete and starvation culture conditions. Results: NDRG1 overexpression correlated with glycolytic and hypoxia-associated gene expression, and was associated with elevated rates of metastasis and patient mortality. Silencing NDRG1 reduced cell proliferation rates, causing lipid metabolism dysfunction including increased fatty acid incorporation into neutral lipids and lipid droplets. Conversely, NDRG1 expression minimized lipid droplet formation under nutrient replete and starvation conditions.
Background
Elevated N-myc downstream regulated gene (NDRG1) messenger RNA (RNA) and protein expression is found in a subset of many solid tumors, including breast cancer. Autosomal recessive NDRG1 null mutations result in Charcot-Marie-Tooth disease type 4D (CMT4D), a severe demyelinating peripheral neuropathy disorder [1] . CMT4D pathology is thought to be caused by dysfunctional lipid metabolism in Schwann cells, the glia of the peripheral nervous system [2] . However, little functional evidence has been advanced in support of this hypothesis. The NDRG proteins possess an inactive α/β hydrolase fold flanked by intrinsically disordered N and C termini [3] , which are subject to extensive post-translational modification. NDRG1 is distinguished from other family members by its transcriptional upregulation in response to stress, including hypoxia, and by its distinctive structural features including a C-terminal metal-binding decapeptide triple repeat that is heavily phosphorylated, and a putative phosphopantetheine attachment site in the core α/β hydrolase domain [4] . The lack of an active site has complicated interpretation of studies exploring NDRG1 function, and insights from studies of NDRG1 in a variety of model systems implicate NDRG1 in several unrelated cellular processes [5] [6] [7] [8] .
NDRG1 as a prognostic factor in breast cancer remains controversial, as it continues to be cited as both a biomarker of negative prognosis and as a metastasis suppressor [9] [10] [11] [12] [13] . Although its function is poorly defined, NDRG1 is a direct transcriptional target of hypoxia inducible factor 1α (Hif1α), Hif2α, and X-box binding protein 1 (XBP1) [12, 14, 15] . NDRG1 protein expression has been associated with high uptake of 18-fluorodeoxyglucose and estrogen receptor (ER)-negative breast cancers in vivo [16] , but rather than a role in glycolysis, physical interactors and physiological consequences of NDRG1 malfunction suggest a poorly defined role related to lipid biology in cancer [2, 6, 7, 17] . Like most cancers, aggressive breast cancer subtypes [18] are dependent on elevated glycolytic metabolism [19, 20] . A consequence of the well-characterized dependence on glycolysis of breast cancer cells, de novo lipogenesis is increasingly recognized as a central feature of this metabolism [21] [22] [23] . Here, we show that NDRG1 is expressed in a Warburg-like metabolic gene expression program common to many solid tumors, including breast cancer. Several lines of evidence show that NDRG1 performs an important pro-survival function in regulating the fate of lipids in breast cancer cells.
Methods

Tissue culture
Cells were purchased from American Type Culture Collection (ATCC) (Manassas, VA, USA): SKBR3 (HTB-30), MCF7 (HTB-22), HCC1569 (CRL-2330), BT474 (HTB20), MDA-MB-231 (CRM-HTB-26), MDA-MB-468 (HTB-132), HEK293T (CRL-3216). Cells were cultured in DMEM/high glucose with L-glutamine, and sodium pyruvate (Hyclone SH30243.01), supplemented with 10% fetal bovine serum (Sigma), in a standard humidified incubator (5% CO 2 ), or under hypoxic conditions (1% O 2 ). All cells cultured under hypoxia conditions were harvested 24 h after exposure to low oxygen. All cell lines were authenticated in March 2016 by the SUNY-Albany Center for Functional Genomics Molecular Core Facility using a short tandem repeat method (Promega GenePrint 10 system).
Gene expression manipulation
For lentivirus production, HEK293T cells were transfected using X-treme gene HP transfection reagent (Roche) with Gag/pol, Rev., VsVG (Invitrogen Virapower), and NDRG1 shRNA pLKO.1 plasmids (Dharmacon/GE Healthcare TRC short hairpin RNAs (shRNAs): TRCN0000084043, TRCN0000084044, TRCN0000084045, TRCN0000084046, TRCN0000084047), or negative control plasmids: empty vector (RHS4080) and nontargeting eGFP shRNA (RHS684). Virus infection was performed with 8 μg/ml polybrene (Sigma) and cells selected in medium containing 1 μg/ml puromycin (Sigma). For retrovirus production, ΦNX-Ampho cells [24] were transfected with Flag-tagged versions of NDRG1 cloned in the MarxIV vector [25] and empty MarxIV vector was used as a control. Cells were selected with 200 μg/ml hygromycin B and expression confirmed with anti-Flag antibody (SIGMA mouse M2 antibody produced in mouse). The NDRG1 complementary DNA (cDNA) was obtained in pDSRED N2 [6] . A point mutation (L237P) was found in the NDRG1 coding sequence in this construct and corrected using site-directed mutagenesis before generation of other wild-type and mutant expression plasmids.
Fluorescence microscopy
For immunofluorescence, fixed cells were permeabilized in PBS + 0.1% Triton X-100 for 15 min at room temperature. All antibodies were diluted in standard antibody diluent: PBS, 0.1% Tween-20, 5% bovine serum albumin. All primary antibody incubations were carried out overnight at 4°C, followed by three 5-min washes in 200 μl PBS. Secondary antibodies were diluted to 5 μg/ ml, and applied to cells for 1 h at room temperature. Cells were then washed once in 200 μl PBS containing 1 μg/ml Hoechst dye (10 min), followed by two consecutive 5-min washes in 200 μl PBS to eliminate unbound antibody and dye, and remaining PBS was aspirated from wells and replaced with fresh PBS for imaging.
Antibodies included mouse anti-FLAG M2 antibody (SIGMA, cat# F1804), rabbit anti-NDRG1 (Cell Signaling Inc., cat# 9485), rabbit anti-pNDRG1 T346 (Cell Signaling Inc., cat# 5482). Rabbit anti-pNDRG1 S330 (Abcam, cat# ab124713), rabbit anti-glyceraldehyde-3-phosphate dehydrogenase (anti-GAPDH) (Cell Signaling Inc., cat# 5174), rabbit anti-cleaved caspase-3 (Asp175) (Cell Signaling Inc., cat #9579) and rabbit anti-phospho-histone H3 S10 (Cell Signaling Inc., cat #9701). Secondary antibodies were from Jackson Immunoresearch and included donkey anti-rabbit IgG (H + L) Cy3 (cat# 711-166-152) and donkey anti-rabbit IgG (H + L) Alexa 647 (cat# 711-606-152).
Images were acquired at × 20 magnification on an inverted fluorescence microscope (Olympus IX-81) fitted with a Retiga 6000 CCD Camera using Metamorph software or on the InCell Analyzer 2200 high content microscopy platform (GE Healthcare). All images were acquired using the same exposure time to allow quantitative analysis and comparison of staining intensity. For cells imaged using the IN Cell Analyzer 2200 (GE Healthcare), a minimum of four images per well from a minimum of three wells were collected for each condition, and data were summarized at the well-level for statistical comparisons. Exposure times were set to allow quantitative analysis of intensity using statistical tests comparing the brightness of objects (e.g., lipid droplets). Images were analyzed using GE Healthcare In Cell Analyzer software granule and nuclei counting algorithms. For lipid droplet granules, sensitivity was set to the most stringent threshold to reduce nonspecific granule counting. Particle size was set to the range 0.1-2 μm 2 . Nuclei were also counted -minimum size 40 μm 2 . For the analysis of pNDRG1 puncta dynamics in response to endoplasmic reticulum stress, 5-250 pixel foci with circularity of 0.25-1.0 were segmented using the triangle algorithm, and divided by the total number of nuclei in each image to express puncta per cell.
For live cell imaging, cells transduced with green fluorescent protein (GFP) and NDRG1 targeting virus were plated in 6-well plates, allowed to attach for 24 h, refed, and monitored by phase contrast microscopy for 48 h. Live cell microscopy was conducted using the Invitrogen EVOS FL Auto Cell Imaging System with a pre-warmed, humidified, and 5% CO 2 equilibrated incubation chamber. Images were acquired at 10-min intervals with autofocus on.
Transmission electron microscopy
Hs578T cells expressing three different shNAs targeting NDRG1 and one targeting enhanced (e)GFP were collected at one week post selection. Cells were grown in 10-cm dishes to 80-90% confluence and fixed in 0.1 M cacodylate pH 7.4, 2.5% glutaraldehyde (Electron Microscopy Sciences). Cells were fixed at 37°C for 15 min, followed by scraping of cells, collection by centrifugation at × 100 g, and resuspension in 10 ml fresh fixation buffer and storage at 4°C. After three rinses with 0.1 M sodium cacodylate buffer, cell pellets were embedded in 3% agarose and sliced into small blocks (1mm 3 ), rinsed with the same buffer three times and post-fixed with 1% osmium tetroxide and 0.8% potassium ferricyanide in 0.1 M sodium cacodylate buffer for 1.5 h at room temperature. Cells were rinsed with water and stained en bloc with 4% uranyl acetate in 50% ethanol for 2 h. Cells were dehydrated with increasing concentration of ethanol, transitioned into propylene oxide, infiltrated with Embed-812 resin and polymerized in an oven at 60°C overnight. Blocks were sectioned with a diamond knife (Diatome) on a Leica Ultracut 6 ultramicrotome (Leica Microsystems) and collected onto copper grids, post-stained with 2% aqueous uranyl acetate and lead citrate. Images were acquired on a Tecnai G2 spirit transmission electron microscope (FEI) equipped with a LaB6 source using a voltage of 120 kV.
Lipidomics mass spectrometry
SKBR3 cells transduced with shRNAs targeting NDRG1 or eGFP were grown to 80%-90% confluence and harvested by trypsinization at 14 days post selection (including 7 days in culture without puromycin). As soon as cells lifted, they were immediately suspended in ice cold medium and kept on ice while a small fraction was counted. Cells were then divided into 1 or 2 million cell aliquots (shotgun versus targeted analysis, respectively), rinsed twice in ice cold PBS by low-speed centrifugation at 4°C and wash was aspirated, and pellets frozen in a dry ice/ethanol bath and stored at − 80°C until analysis. Silencing levels and lipid droplet quantities were determined in a sample of cells grown in microtiter plates as described above, by anti-NDRG1 immunofluorescence and boron-dipyrromethene (BODIPY) staining, respectively.
Lipid classes were analyzed by the multiple precursor ion scanning (MPIS) method for triacylglycerides, diacylglycerides, phophatidylcholines, phosphatidylethanolamines, phsophatidylserines, phosphatidylglycerols, phosphatidic acids, and phosphatidylinositols following published protocols [26, 27] . Monoacylglycerols, cholesterol esters, sphingomyelins, and ceramides were analyzed by LC-MS methods using multiple reaction monitoring (MRM) methods [28, 29] . To generate a heatmap for visualization of various lipid levels, data were first standardized by normalizing to row means as a fold difference and species not detected in all samples, and extreme outliers were removed (n = 142 species remaining). The online cluster analysis tool CIMiner was used to generate heatmaps using Euclidian distance and colors were represented using quantiles (https://discover.nci.nih.gov/cimminer/home.do).
Targeted LC MS/MS analysis of cholesterol esters was from five biological replicates for each condition, and represented as ng lipid/million cells. Targeted LC MS/ MS analysis of triglycerides was from six biological replicates per condition, and represented as micrograms of lipid/micrograms of protein. Individual species were compared using the two-sided Student's t test. Each lipid class (e.g., cholesterol esters, triacylglycerol) was also analyzed as an aggregate of all individual species detected and also compared using the two-sided Student's t test.
mRNA expression analysis
The breast-cancer-specific mRNA expression characteristics were examined for genes coexpresssed or anti-correlated with NDRG1 expression in order to better understand relationships between NDRG1 and markers reflecting intrinsic molecular subtypes. The cBio portal was accessed in order to analyze global gene expression patterns across 18 human solid tumor types [30] . The online tool KM plotter was used to establish query criteria and generate KM plots, hazard ratios, 95% confidence intervals, and p values [31] . Additional cohorts were analyzed by accessing independent patient cohorts with the online tool SurExpress (http://bioinformatica.mty.itesm.mx:8080/Biomatec/SurvivaX.jsp). NDRG1, NDRG1 + MYC, or the 42-member NDRG1-associated gene signature was queried for relationships with adverse outcomes (metastasis-free survival, or recurrence-free survival). The mRNA expression of NDRG1 in > 1000 cell lines was downloaded from the Broad Institute CCLE portal: https://portals.broadinstitute.org/ccle/home. Breast cancer cell lines were filtered, ranked according to expression level, and plotted to evaluate the range of expression in characterized cell lines. Cell lines chosen for in vitro studies are indicated.
Microarray analysis of SKBR3 cells expressing NDRG1 shRNA1 or vector control were performed with biotin-labeled cDNA from three independent biological replicates hybridized over 16 h to Affymetrix Gene 2.0 ST arrays and scanned on an Affymetrix Scanner 3000 7G using AGCC software. The resulting CEL files were analyzed for quality using Affymetrix Expression Console software and were imported into GeneSpring GX11.5 (Agilent Technologies) where the data were quantile normalized using PLIER and baseline transformed to the median of the control samples. Data sets are available at GEO, Accession number: GSE112841.
Fatty acid conjugated BODIPY tracer experiments
The sixteen carbon BODIPY FL C16 (Invitrogen, cat# D3821) was used to study fatty acid uptake and intracellular distribution in stable shNDRG1 and shGFP expressing SKBR3 cells (cultured as in lipidomics experiments described above). A 2 mM stock solution was prepared in culture medium supplemented with 0.1% fatty acid free bovine serum albumin (Goldbio cat# A-421-100), and diluted in DMEM/high glucose with L-glutamine, and sodium pyruvate + 10% FBS to achieve the desired concentrations. Cells were seeded at 10,000 viable cells per well, allowed them to adhere for 24 h, and medium was replaced with C16-BODIPY at 100 μM, 50 μM, 25 μM and 12.5 μM in complete DMEM and cells were cultured under normal conditions for 16 h in the presence of the tracer. After 16 h, excess tracer was removed by three consecutive washes in complete DMEM, followed by the fixation protocol described above.
To quantify total tracer uptake, an image analysis routine was established to measure the intensity of cell-sized objects above a background threshold. Cell nuclei were counted, and average C-16 BODIPY signal was expressed as the ratio of overall signal divided by the number of nuclei in each field of view. To quantify lipid-droplet-specific signal, the granule counting and measurement algorithm described above was used. The ratio of lipid-droplet-specific C-16 BODIPY signal to total C-16 BODIPY signal was computed to reflect the flow of tracer fatty acid to lipid droplets.
In MCF7 cells, a protocol to induce lipid droplet formation and live cell tracer incorporation through starvation in Hanks buffered saline solution (HBSS) was developed based on published methods [32] . HBSS consists of 0.137 M NaCl, 5.4 mM KCl, 0.25 mM Na2HPO4, 0.63 mM glucose, 0.44 mM KH2PO4, 1.3 mM CaCl2, 1.0 mM MgSO4, and 4.2 mM NaHCO3. Stable MCF7 cell lines transduced with retroviral full length NDRG1-3X FLAG and retroviral empty vector were plated as described above cultured in ether complete medium or HBSS. For live cell experiments, BODIPY 558/568 C12 (C12-BODIPY) was added to initial culture medium at 100 μM to allow cellular uptake, and followed by extended chase periods. Samples were fixed and stained for lipid droplets as described above. To elaborate the time dependence of the phenomenon and rule out tracer specific effects, lipid droplet formation by cells grown without C12-BODIPY tracer were monitored over the course of 4 days by staining with BODIPY 493/503 using analysis methods described above.
Results
NDRG1 is a biomarker of aggressive breast cancers
Previous studies of NDRG1 expression in cancer have been performed on cohorts of limited sizes, and have led to the conclusion that NDRG1 is a metastasis suppressor [9] [10] [11] 33] . However, several lines of evidence contradict NDRG1 as a suppressor of metastasis [12, 13] . So that we might resolve questions on the link between NDRG1 expression and disease outcome, we examined large, recently established, public repositories of clinical breast cancer data. A large meta-analysis was conducted examining the association between NDRG1 expression and recurrence-free survival in 23 publicly available breast cancer mRNA expression data sets representing 3554 subjects with breast cancer assessed as a single aggregated cohort [31] . Because NDRG1 copy number or mRNA expression is altered in approximately 25% of all breast cancers in the The Cancer Genome Atlas (TCGA) data set (Additional file 1: Figure S1 ), patients in the upper quartile of NDRG1 mRNA expression were compared with patients in the lower three quartiles. Subjects expressing high NDRG1 exhibit an almost twofold higher risk of disease recurrence 5 years after diagnosis in this aggregate cohort (Fig. 1a) . The 23 individual cohorts were also analyzed individually to assess potential bias: 19/23 cohorts show that high NDRG1 is associated with decreased time to recurrence, 3 show no separation of Kaplan-Meier curves, and a small cohort (n = 77 subjects) exhibits an association between high NDRG1 and positive outcome (Additional file 1: Figure S2 ). An independent cohort of 295 patients in whom metastasis was tracked was examined to evaluate the relationship between metastasis and NDRG1 expression in more detail [34] . Again, NDRG1 mRNA expression level stratified patients into poor and favorable prognostic subsets (Fig. 1b) . Importantly, elevated NDRG1 expression is a more consistent biomarker of negative prognosis than the genomically co-amplified MYC oncogene, ruling out a simple confluence of high NDRG1 expression with MYC amplification as a driver of poor prognosis (Additional file 1: Figure S3A -C). This meta-analysis significantly strengthens the link between elevated NDRG1 expression and poor prognosis in breast cancer.
NDRG1 is correlated with an aggressive metabolic gene expression profile in breast cancer and other solid tumor types
Genome-wide NDRG1 coexpression patterns were assessed to investigate links between expression levels and recurrent genetic alterations and previously described intrinsic molecular subtypes were present. Pairwise mRNA expression-level correlation between NDRG1 and all other genes analyzed in the TCGA data set were examined. The estrogen receptor (ESR1) is near the top of the list of negatively correlated genes. Other negatively correlated genes include well-established markers of luminal breast cancer: GATA3, FOXA1, and PGR (Additional file 2: Table S1 ). Positive correlation was common between NDRG1 and genes associated with angiogenesis, glycolysis, hypoxia, and basal cell lineage, illustrating that high NDRG1 expression is more common in ER − breast cancers (Fig. 1c, d , Additional file 2: Table S2 ). Previous work has shown NDRG1 expression to be part of an angiogenesis-related gene signature associated with metastasis in breast cancer [12] . These correlations indicate that NDRG1 expression is strongly associated with breast tumors with high glycolytic and angiogenic gene expression.
The TCGA breast cancer analysis included quantification of the Thr346 phosphorylated form of NDRG1, but not the total protein, by reverse phase protein array [18] . Proteins negatively correlated with phospho-NDRG1 mirrored the results of the mRNA associations (Additional file 2: Table S3 ), as did an analysis of mRNA levels in NDRG1 altered and unaltered cases (Additional file 2: Table S4 ), corroborating a link between NDRG1 and aggressive forms of breast cancer.
Analysis of NDRG1 mRNA correlation was extended to include 18 solid tumor types analyzed by the TCGA (Data set S1) to reveal common elements of an underlying biological process, illuminating the physiological action of NDRG1. In each cancer type, genes with mRNA with a Pearson's product moment correlation coefficient (R) ≥ 0.40 were identified as NDRG1-associated genes: 41 genes with expression that was correlated with NDRG1 in at least six individual data sets (≥ 33%) were found to encode nine of ten common glycolysis pathway enzymes, glycolysis regulatory proteins, and downstream regulators of tricarboxylic acid cycle (TCA) cycle entry; regulators of angiogenesis; and several oxidoreductases implicated in oxidative protein folding and signaling under endoplasmic reticulum stress and hypoxic conditions (Additional file 2: Table S5 ). This pan-cancer correlation with hallmarks of metabolic adaptations underscores the link between NDRG1 and altered cancer metabolism, and the gene list is a potent prognostic signature in breast cancer and several other solid tumors (Fig. 1e , f, and data not shown).
NDRG1 expression is highly variable in breast cancer cell lines and displays distinct subcellular localization
Since the role of NDRG1 in altered cancer metabolism is poorly characterized, in vitro studies of NDRG1 were carried out in a range of breast cancer cell lines to assess its function. Expression of NDRG1 in vivo is dynamic and dependent on microenvironment cues such as hypoxia or iron limitation [12, 14, 15] ; nevertheless, in vitro studies represent the most direct approach to examine protein function in cancer cells. NDRG1 mRNA expression in the 59 breast cell lines characterized by the Cancer Cell Line Encyclopedia (CCLE) was assessed [35] . Expression levels varied widely, and seven cell lines were selected with a range of NDRG1 mRNA expression spanning 17-fold (Fig. 2a) . The cell lines also represent the full spectrum of major intrinsic molecular subtypes of breast cancer (Additional file 2: Table S6 ). A wide range of NDRG1 protein expression was also verified. Immunoblots show that HCC1569 expresses the highest level of NDRG1 protein, followed by Hs578T, SKBR3, MDA-MB-231, MDA-MB468, BT474, and MCF7 (Fig. 2b) . Similar trends are apparent in immunofluorescence analysis of fixed cells and immunoblots of phosphorylated proteins ( Fig. 2c and Additional file 1: Figure S4A ). The observed expression profiles are mostly consistent with mRNA levels from the CCLE, and also agree with the preponderance of evidence linking high levels of NDRG1 expression with ER-negative tumors (Fig. 1c, d and Additional file 2: Tables S1-S4).
In addition to total protein levels, we noted differential localization of two phosphorylated forms of NDRG1. The C-terminus of NDRG1 has been shown to be phosphorylated on at least 29 residues [36, 37] , but differential phosphorylation states linked with divergent localization or function have not been reported. The total protein, NDRG1 phospho-Thr346 (unique to NDRG1 decapeptide triple repeat), and NDRG1 phospho-Ser330 (conserved in all NDRG proteins) were probed by immunofluorescence microscopy. Immunofluorescence analysis of NDRG1 phospho-Ser330 exhibits an even cellular distribution. NDRG1 phospho-Thr346 in SKBR3 cells showed punctate cytoplasmic patterns consistent with localization to an organelle/endosome/vesicle, suggesting at least partial exclusivity with the Ser330 phosphorylated pool. Remarkably, in addition to upregulation of the total protein, pNDRG1 Ser330 redistributed almost entirely to the nucleus when iron was deprived by chelation with deferoxamine (DFO), which mimics hypoxia, while NDRG1 phospho-Thr346 remained cytoplasmic (Fig. 2d, e and Additional file 1: Figure S4B-D) . Because NDRG1 has been implicated in endosomal trafficking, tunicamycin and thapsigargin were used to assess the sensitivity of these structures to inhibition of the endo-lysosomal system [6, 38] . A brief thapsigargin treatment dispersed puncta completely, while tunicamycin had no effect in the acute setting (Fig. 2f) . These differences between modified forms of NDRG1 show that distinct pools are sensitive to distinct stimuli, which may explain some of the divergent and apparently unrelated functions attributed to NDRG1 [39] .
NDRG1 expression is critical to breast cancer cell proliferation, viability, and morphology
To study NDRG1 function in breast cancer cells, lentiviral shRNAs targeting NDRG1 and corresponding GFP targeting controls were used to study the effect of reducing NDRG1 protein levels by silencing its expression (Fig. 3a and Additional file 1: Figure  S4A ). Beginning at 5 days post-selection, proliferation rates of NDRG1 silenced and control shRNA cells were monitored by comparing nuclei counts at different time points with initial population sizes. SKBR3, MCF7 and BT474 were monitored at 7 days and HCC1569 at 4 days after plating (Fig. 3b) , and a series of SKBR3, MDA-MB-231, and MDA-MB-468 time points were also monitored over 7-9 days (Additional file 1: Figure S4E-G ). An NDRG1 silencing-dependent reduction in cell proliferation was observed in each of the six cell lines. The magnitude of reduced proliferation was variable, but roughly followed endogenous expression levels, with the most modest effects observed in MCF7, and the greatest effects seen in SKBR3, HCC1569, and MDA-MB-231.
Markers of apoptosis and mitosis were assayed by immunofluorescence microscopy to determine the mechanism of reduced cell proliferation. Silencing NDRG1 in SKBR3 cells increases the cleaved caspase 3 immunofluorescence positive area fraction by 4.5-7-fold (Fig. 3c) . This indicates that NDRG1 contributes to cell survival in SKBR3 cells, but the actual fraction of apoptotic cells is small, and NDRG1-depleted cells continue to proliferate. We also analyzed SKBR3 mitotic cell fractions in fixed cells and monitored cell division rates by live cell microscopy. Live cell microscopy showed that NDRG1 depleted SKBR3 cells exhibit a twofold reduction in cell division rates. In addition, a significant morphology change in NDRG1-depleted SKBR3 cells is observed (Fig. 3d, Additional files 3 . CRTL, control; NS, not significant depletion results in a significant reduction in the mitotic cell population size with one shRNA and a trend toward reduction with a second shRNA (Fig. 3e) . We also noted that NDRG1-depleted SKBR3 cells appear smaller, and retain a round morphology throughout the cell cycle, while control hairpin-expressing cells undergo repetitive cycles of post-mitosis flattening, followed by rounding upon entry into mitosis ( Fig. 3d and Additional files 3, 4, 5, 6, 7 and 8: Movies S1-S6). In fixed F-actin and nuclear counterstained cells, analysis of single cell populations showed that NDRG1 depletion results in approximately twofold reduction in median F-actin area/cell relative to control (Fig. 3f) . Thus, NDRG1 expression is essential to the maintenance of cell proliferation rates, viability, and morphology in breast cancer cells, especially in cell lines with high expression levels.
NDRG1 affects lipid metabolism in breast cancer cells
The demyelinating peripheral neuropathy Charcot Marie Tooth disease type 4D (CMT4D) is caused by homozygous null mutations in the NDRG1 gene [1] . Since myelination is a lipid metabolism-intensive and trafficking-intensive process, we investigated the impact of decreased NDRG1 levels on lipid metabolism in SKBR3 cells by shotgun mass spectrometry lipidomics. Quantities of several diverse lipid species including structural, storage, biosynthetic intermediates and signaling molecules are increased due to NDRG1 depletion, whereas very few lipids are reduced due to silencing ( Fig. 4a and Additional file 1: Figure S5 ). Consistent with the lack of a catalytic active site, changes in individual species reveal no obvious links between NDRG1 silencing and the inhibition or acceleration of a single biochemical reaction. Analysis of changes in aggregate lipid species performed by comparing the sums of each lipid class between cell lines show the largest effects on the two main storage lipids in NDRG1 silenced cells, triacylglycerols (TAG) and cholesterol esters (CE), with smaller but significant increases in other species (Fig. 4a and Additional file 1: Figure S5 ).
TAGs and CEs were analyzed by quantitative targeted LC MS/MS, extending the depth of species analyzed within each class of lipid. In accordance with the shotgun analysis, overall TAG abundance increased 7.8-fold, and nearly every species showed a significant increase in the NDRG1-depleted cells (Fig. 4b) . Aggregate CE levels increased threefold, and each individual species exhibited increased abundance as well (Fig. 4c) . This indicates that NDRG1 regulates neutral lipid storage in SKBR3 cells and that NDRG1-dependent lipid homeostasis in breast cancer cells is important for optimal cell viability. [40] . The fluorescent neutral lipid stain BODIPY 493/503 was used together with an automated granule segmentation and quantification image analysis algorithm to characterize neutral lipid foci in NDRG1 silenced cells [41] .
Image analysis results from the BODIPY lipid droplet assay consistently showed that NDRG1 depletion causes increases in lipid droplet formation and intensity relative to control shRNA in all cell lines examined. This effect was largest in SKBR3 cells, where NDRG1 depletion caused a 3.3-fold increase in lipid droplet staining intensity (Fig. 5a, b) . NDRG1-depleted HCC1569, Hs578T, and BT474 cell lines also exhibited a significant increase in lipid droplet staining intensity, with 1.8, 2.6, and 2.9-fold increases relative to control, respectively (Fig. 5b) . Microarray analysis of transcriptional changes in NDRG1-depleted cells did not reveal significant changes in lipid droplet binding or lipid synthetic pathway genes. The top downregulated gene in NDRG1 knockdown cells was Spot14 [42] , which plays an incompletely understood regulatory role in stimulating the lipid synthetic process in breast cancer cells [43] . This result is consistent with a feedback inhibitory mechanism in cells that already have a high lipid level.
MCF7 cells normally express low levels of NDRG1 (Fig.  2b) , and form few lipid droplets under normal culture conditions. NDRG1 expression is increased in MCF7 cells cultured under hypoxic conditions, which induces lipid droplet formation in other cell lines [44, 45] . While NDRG1 depletion has little effect on lipid droplet quantity in MCF7 cells under normal conditions, lipid droplet formation was stimulated by hypoxia (1% O 2, 24 h) and further enhanced 1.8-fold by NDRG1 depletion, both of which are conditions favoring lipogenesis (Fig. 5b) . Two additional shRNAs confirmed that NDRG1 depletion causes lipid droplet formation in Hs578T cells, and electron microscopy affirmed the presence of lipid droplets at the ultrastructural level (Additional file 1: Figure S6C and Fig. 5d) . Thus, multiple cell lines respond to NDRG1 depletion by increasing neutral lipid storage, especially under conditions that rely on a lipogenic metabolism.
In addition to silencing NDRG1, we generated stable SKBR3 cell lines overexpressing wild-type and truncation mutants lacking the N or C terminus (ΔN-NDRG1 and ΔC-NDRG1). The N and C termini of NDRG1 are predicted to be intrinsically disordered, and are known to be subject to post-translational modification. Notably, the N-terminus has been shown to be ubiquitinylated and SUMOylated, while the C-terminus is subject to extensive phosphorylation [36] . Guided by the structure of NDRG2 and its sequence alignment with NDRG1 [3] , the N and C termini were excised to isolate their contribution to the lipid storage phenotype. Both ΔN-NDRG1 and ΔC-NDRG1 overexpressing SKBR3 cells exhibited increased lipid storage relative to the wild-type overexpressing control, but the increase was higher in ΔN-NDRG1 than in ΔC-NDRG1, showing 2.1-fold and 1.3-fold increases relative to the full-length control (Fig. 5c) . These results suggest that the N-terminus of NDRG1 is particularly important in maintaining lipid homeostasis, and are consistent with the involvement of NDRG1 in minimizing lipid storage and promoting lipid homeostasis in breast cancer cells.
Dysregulated lipid metabolism has been linked with increased endoplasmic reticulum stress in breast cancer [46, 47] and increased lipid droplet formation is a conserved consequence of endoplasmic reticulum stress [47, 48] . Since we observed that NDRG1 regulates lipid droplet formation and since NDRG1 overexpression is induced in response to endoplasmic reticulum stress [49] , we tested whether loss of NDRG1 impacted response to agents that induce endoplasmic reticulum stress. We found that cell death was enhanced twofold in NDRG1-depleted SKBR3 cells subjected to 48 h exposure with either thapsigargin or tunicamycin at 1 μM and 5 μg/ml, respectively (Additional file 1: Figure S7A ). Importantly, treatment with the ATP competitive mTOR inhibitor Ku-0063794 (1 μM) had little effect on cell survival (Additional file 1: Figure S7A ). In a series of doses spanning three orders of magnitude, NDRG1-depleted SKBR3 cells are more sensitive at each concentration, with reduced lethal dose 50% (LD50) values for each compound of~100 fold for thapsigargin and~75 fold for tunicamycin (Fig. 5e , f, Additional file 1: Figure S7 ). These results show that NDRG1 depletion sensitizes SKBR3 cells to agents with distinct mechanisms of endoplasmic reticulum stress induction [46] and suggest that NDRG1 functions in part to counteract endoplasmic reticulum stress.
NDRG1 controls cellular fatty acid distribution
In order to better understand the impact of NDRG1 function on fatty acid trafficking and metabolism, BODIPY-labeled fatty acids were employed to trace their fate in living cells. Several BODIPY fatty acid conjugates are known to enter fatty acid metabolic pathways, including esterification to TAGs and phospholipids such as phosphatidylcholine, making them useful tools to study fatty acid uptake, metabolism, and distribution [32] .
SKBR3 cells exhibited dramatic subcellular distributions of the fluorescent 16-carbon palmitate analog C16 BOD-IPY 493/503 that depended on NDRG1 expression and dosage of the tracer (Fig. 6a) . Cells were fed a dilution series of albumin-coupled C16 BODIPY (12.5-100 μM), and total signal was quantified in segmented cells to compare overall cellular tracer uptake levels. Control and NDRG1-silenced SKBR3 cells showed dose-dependent increases in C16 BODIPY uptake (Fig. 6b) , in line with experiments demonstrating that albumin-coupled oleic acid stimulates comparable increases in lipid droplet formation (Additional file 1: Figure S6A , B). NDRG1-depleted cells take up less of the tracer but overall signal intensity was similar at the highest dose (Fig. 6b) , eliminating the possibility that NDRG1-silencing-dependent increases in neutral lipid storage are due to increased fatty acid uptake.
The intracellular distribution of C16 BODIPY showed surprising dose-dependent and NDRG1 statusdependent differences that suggest that NDRG1 helps distribute lipids within cells. C16 BODIPY localized to lipid droplets was quantified (Fig. 6c ) and compared to overall uptake, yielding the fraction of tracer in droplets relative to that in the whole cell. In the NDRG1-depleted cell line, the relative balance of lipid droplet and total signal remained constant across all concentrations, and strong colocalization between lipid droplets and the tracer was maintained (Fig. 6a and d) . Unexpectedly, as the dose of C16 BODIPY increased, the relative distribution of tracer signal changed in control cells, and a notable shift in tracer signal away from lipid droplets and into other parts of the cell was observed (Fig. 6a and d) . In control cells, the proportion of tracer signal in lipid droplets actually decreased at the 50 μM and 100 μM doses, relative to the 25 μM dose, as total lipid droplet-specific signal gain was outpaced by total uptake and distribution to non-lipid droplet destinations ( Fig. 6b-d) . In contrast, the NDRG1-depleted cells consistently increased tracer signal in lipid droplets in accord with overall uptake (Fig. 6c) . That the distribution of tracer was less dynamic in cells with decreased number of lipid droplets in each cell remained constant at 12.5, 25, and 50 μM C16 BODIPY doses, but increases in both cell lines at the 100 μM dose (shGFP 2-fold and shNDRG1 1.5-fold (Fig. 6e) ). This shows that C16 BOD-IPY tracer feeding does not reduce lipid droplet numbers in either cell line, eliminating alternative explanations involving an NDRG1-dependent reduction in lipid droplet number at the 100 μM dose as grounds for the observed effect. Taken together, these results indicate that NDRG1 function influences pathways dictating the flow of fatty acids into storage and structural lipid pathways in breast cancer cells.
Ectopic overexpression protects cells with low endogenous NDRG1 levels from starvation-mediated lipid droplet formation and cell death NDRG1 expression is induced in response to metabolic limitations imposed by oxygen and iron deprivation, suggesting that it may play an important role in the altered metabolism associated with poorly perfused tumor microenvironments [17, [50] [51] [52] . Since lipid storage has been shown in a number of cell types to occur as a response to metabolic limitations of hypoxia [44] and glucose starvation [32, 53] and since our results showed that NDRG1 limits neutral lipid storage (Fig. 4) , we tested whether NDRG1 expression protects breast cancer cells from conditions found in poorly perfused tumor microenvironments. MCF7 cells, which ordinarily express very low levels of NDRG1 (Fig. 3a) and do not produce high levels of lipids endogenously [21] [22] [23] , were engineered to overexpress NDRG1 and empty vector control. These cells were pulsed overnight with the 12-carbon BODIPY fatty acid analog C12 BODIPY Red (100 μM), followed by a chase under tracer-free conditions. One population was cultured in HBSS for 3 days to mimic the nutrient starvation found in poorly perfused tumor microenvironments, and controls were cultured in complete medium. Both populations exhibited similar ubiquitous distributions of the tracer under normal culture conditions in complete medium. However, when NDRG1 overexpressing and vector control MCF7 cells were subjected to starvation in HBSS for 3 days, a striking shift in the tracer to lipid droplets was evident. The control cells, but not MCF7-NDRG1 cells, exhibited an acute shift in C12 BODIPY Red localization to lipid droplets. NDRG1 overexpressing cells appeared relatively unchanged over the course of starvation ( Fig. 6f and g ). In addition to attenuating lipid droplet formation, NDRG1 overexpression protected MCF7 cells from starvation-induced cell death. Starvation in HBSS for 72 h decreased control MCF7 cell numbers to 30% of fed control populations, while MCF7-NDRG1 cells maintained cell populations similar to fed controls under the same conditions (Fig. 6h) . Similar results were observed with other cell types. SKBR3 cells expressing NDRG1 shRNAs displayed increased sensitivity to combined glucose, serum, and glutamine limitation (data not shown).
To understand the temporal nature of this process, and to rule out adverse effects due to the tracer, nutrient starvation was analyzed in unlabeled cells over a 4-day period. Interestingly, the spike in lipid droplet formation occurred between the 48 h and 72 h time points, and consistent with tracer results was coincident with the steepest period of decline in cell number in tracer-free conditions. Comparatively minor increases in lipid droplets were seen in MCF7-NDRG1 cells. Lipid droplet formation analysis showed 10-fold and 12-fold increases in lipid droplet staining intensity per cell in the control after 72 and 96 h of starvation, with comparatively small 1.5-fold and 1.8-fold increases in MCF7-NDRG1 cells at the same time points (Fig. 6i and j) . Cell number decreases occurred in concert with lipid droplet formation in the control cells, and NDRG1 overexpressing cells remained at levels consistent with the fully fed control. Thus, NDRG1 overexpression both protects MCF7 cells from nutrient starvation induced cell death and attenuates starvation-induced lipid droplet formation. These results suggest that NDRG1 protects cancer cells from death in ill-perfused, nutrient-poor tumor microenvironments by optimizing lipid utilization. As NDRG1 is typically expressed in hypoxic microenvironments, however, it is likely that unlike most normal cells [32, 53] , the lipids in breast cancer cells are ultimately likely to have fates other than beta oxidation.
Discussion
Altered lipid metabolism is a common accessory pathway to the well-characterized increased dependence on glycolysis seen in breast cancer cells. This study defined a new function for the disease-associated protein NDRG1, and solidified its role as a negative prognostic marker in breast cancer. We showed that high NDRG1 expression is a common feature of poor prognosis in breast cancer and that elevated expression is correlated with an aggressive metabolic gene signature and portends a high likelihood of disease recurrence and metastasis in several independent patient cohorts (Fig. 1a, b and Additional file 1: Figure S2 ). In vitro studies indicate that NDRG1 promotes optimal lipid composition and distribution in breast cancer cells, as depleting NDRG1 increases both lipid droplet and endosome formation and reduces viability, and overexpression protects cells from lipid droplet formation and starvation-induced cell death. Fluorescent fatty acid pulse-chase experiments show that NDRG1 plays a major role in directing the intracellular fate of fatty acids, favoring ubiquitous intracellular distribution in cells expressing high levels of NDRG1, or localization to lipid droplets and vesicles in cells with low levels of NDRG1. Although the precise role of NDRG1 may be impacted by other molecules or cells in the tumor microenvironment, these findings would appear to have significant implications for the understanding of lipid metabolism and cell survival under conditions including aerobic glycolysis (Warburg metabolism) and ill-perfused breast cancer microenvironments. The lipid management function described here is also consistent with the NDRG1 mutation-related defects in Schwann cell biology seen in CMT4D and impacts on cell size, which may be regulated directly by lipid availability [54] .
Until now, elevated NDRG1 expression has alternately been referred to as both a biomarker of metastasis, and a metastasis suppressor, although in vivo experimental confirmation has been lacking. Our meta-analysis of the relationship between NDRG1 mRNA expression and prognosis in large populations of patients with breast cancer is definitive: overexpression of NDRG1 mRNA is a significant negative prognostic factor in breast cancer. Genomic expression analysis confirmed that elevated NDRG1 levels are associated with a metabolic gene expression profile that is a potent signature of aggressive disease in the most common solid tumor types, including breast cancer (Fig. 1e, f and data not shown) . Similarly, the notion that the role of NDRG1 in the altered breast cancer metabolism associated with aggressive cells is in lipid management is supported by previous functional genomic studies [6, 8, 17] and that the lipid synthesis regulator Spot14 [42] is the most significantly downregulated gene in NDRG1 silenced SKBR3 cells. The fact that other genes related to lipid synthesis are not upregulated may be due to the high basal lipid synthesis activity of these cells. Expression of genes related to lipid-induced endoplasmic reticulum stress for example are already maximally induced in many human epidermal growth factor receptor 2 (HER2)-positive cell lines.
In addition to its binding partners, structural features suggest two means by which NDRG1 might participate in lipid trafficking in breast cancer cells. First, the inactive α/β hydrolase fold of NDRG1 could retain fatty acid binding activity in the substrate binding cleft or in a manner similar to the CGI-58 protein [55] . CGI-58 is an inactive α/β hydrolase recently shown to interact with lipid droplets through a lipid droplet anchor sequence composed of three clustered tryptophan residues. We note that among the NDRG family, only NDRG1 possesses a similar sequence of clustered tryptophans in alpha helix 6 . Although the precise role of CGI-58 is incompletely understood, it appears to play some role in recruiting adipose triglyceride lipase (ATGL) to the surface of lipid droplets [55] . A similar mechanism for NDRG1 is consistent with our data, although more work would is needed to confirm this. Intriguingly, in a study examining NDRG1 and lipid binding, recombinant purified NDRG1 was shown to bind phosphatidylinositol 4-phosphate [6] . Second, NDRG1 encodes a consensus phosphopantetheine modification site. Direct evidence of this post-translational modification of NDRG1 has not been reported, but if modified, NDRG1 could support fatty acid trafficking or metabolism by reversibly binding fatty acids. One study examining the effect of NDRG1 on lipid trafficking in the epidermoid carcinoma cell line A431 showed NDRG1 silencing-altered multivesicular body morphology, reduced low density lipoprotein uptake due to mislocalization of the LDL receptor, and decreased cholesterol ester levels, while increasing ceramide levels [7] . Although the results differ, this study also points to altered lipid management in NDRG1-deficient cells. Further study is needed to determine whether NDRG1 directly binds additional fatty acids or complex lipids in a physiological setting.
NDRG1 has been implicated in divergent processes in a number of studies, complicating the interpretation of its function [56] . NDRG1 exhibits varied localization in tissues and cultured cell lines [57] . It is mainly cytoplasmic in breast cancer cells, but hypoxia or iron chelation causes dramatic redistribution of the pNDRG1 Ser330 pool to the nucleus in multiple cell types. Under both conditions, phospho-Thr346 NDRG1 remains cytoplasmic. These distinct modified forms may reconcile seemingly unrelated and even contradictory reports of NDRG1 function. In addition to lipid trafficking and metabolism, NDRG1 has also been implicated in DNA repair in the nucleus [8] , and the phospho-Ser330 form may be the key player. In any event, fully deciphering NDRG1 regulation by post-translational modification will be extremely complex, as NDRG1 has been shown to be phosphorylated on at least 29 residues [36] .
Conclusions
The central role of NDRG1 in regulating fatty acid metabolic fate, neutral lipid storage, and cell viability in breast cancer cells establishes strong evidence of its function in cancer cell metabolism. In addition, these findings may be relevant to the NDRG1 mutation dependent Schwann cell pathology that leads to the characteristic demyelinating phenotype of CMT4D. Lipid synthesis is linked with glycolysis, and is a required component of transformed cell physiology [58] . Our previous work suggests that de novo fatty acid synthesis supports central carbon metabolism via redox coupling with malic enzyme 1 catalyzed conversion of malate to pyruvate in HER2-positive breast cancer cells [22] . In addition to the critical role of de novo fatty acid synthesis, Ras transformation, hypoxia, and TSC2 deficiency have all
